The mammalian circadian clock plays a central role in the temporal coordination of physiology across the 24-h light-dark cycle. A major function of the clock is to maintain energy constancy in anticipation of alternating periods of fasting and feeding that correspond with sleep and wakefulness. While it has long been recognized that humans exhibit robust variation in glucose tolerance and insulin sensitivity across the sleep-wake cycle, experimental genetic analysis has now revealed that the clock transcription cycle plays an essential role in insulin secretion and metabolic function within pancreatic beta cells. This review addresses how studies of the beta cell clock may elucidate the etiology of subtypes of diabetes associated with circadian and sleep cycle disruption, in addition to more general forms of the disease.
Circadian clocks (from circa diem, "about a day") are found in all photosensitive organisms, where they maintain temporal organization of cell and system physiology in synchrony with the rotation of the earth (Edgar et al., 2012; Milev and Reddy, 2015; Bass, 2012) . In mammals, circadian clocks are organized hierarchically, with light-responsive "master" pacemaker clocks located within the suprachiasmatic nucleus (SCN) of the hypothalamus, which in turn drive rhythmic cycles within extra-SCN neurons and peripheral tissues. The SCN aligns peripheral tissue clocks with the environmental light cycle through a combination of direct autonomic nervous system efferent and neuroendocrine signals (such as through control of 24-h cycles of hypothalamic-pituitary-adrenal axis and rhythmic growth hormone production) and feeding-derived cues (la Fleur et al., 2000; Bartness et al., 2001; Buijs et al., 2001; Buijs et al., 2003; Dibner et al., 2010; Gerber et al., 2013) . The core circadian clock within both brain and peripheral cells is encoded by a negative transcription-translation feedback loop composed of transcription factors in the forward limb (CLOCK, NPAS2, and BMAL1) that activate repressors within the negative limb (PER1/2/3 and CRY1/2), which feedback to repress the activators in a cycle that repeats itself every 24 h (Partch et al., 2014) .
A long-recognized aspect of circadian physiology in humans is the daily variation in blood glucose and insulin levels across the day Gagliardino et al., 1984; Van Cauter et al., 1997) . Clinical investigation in human subjects has shown that glucose clearance and insulin sensitivity in response to orally administered isocaloric glucose challenge peak in the early morning and decline in the afternoon and evening (Aparicio et al., 1974; Bowen and Reeves, 1967; Carroll and Nestel, 1973; Jarrett and Keen, 1969; Roberts, 1964) ; moreover, both ultradian and circadian variation in glucose tolerance has been observed in response to intravenous glucose delivered in either continuous or oscillatory infusion (Shapiro et al., 1988; Sturis et al., 1995) . The daily variation in response to isocaloric feeding arises due to both changes in insulin sensitivity and beta cell insulin secretion and has been demonstrated using isotopic labeling and modeling approaches (Saad et al., 2012) . These observations suggest that intrinsic mealindependent processes give rise to daily cycles in glucose metabolism; however, the underlying molecular basis for this observation has only recently emerged. Experimental genetic studies have now demonstrated that cell-autonomous circadian transcription cycles within pancreatic beta cells produce rhythmic cycles in nutrient-dependent insulin secretion through interactions with cell-type-specific regions of open chromatin . Here, we focus on the genomic and physiologic basis for the circadian control of glucose metabolism across tissues and the application of this information toward understanding the pathophysiology of human diabetes mellitus.
CIRCADIAN CONTROL OF INSULIN SECRETION
Insulin-producing beta cells exist in specialized organoids called islets of Langerhans within the pancreas, and their dysregulation and/or destruction is central to the pathogenesis of type 1 and type 2 diabetes (Muoio and Newgard, 2008) . Genetic analyses in mice first pointed to a key role for clock gene function in beta cells when it was discovered that multitissue Clock Δ19/Δ19 mice, originally isolated from an ENU mutagenesis screen for circadian behavior phenotypes (Vitaterna et al., 1994) , developed obesity and hyperglycemia by 6 to 8 weeks of age (Turek et al., 2005) in parallel with reduced circadian variation in blood glucose levels (Rudic et al., 2004) . Paradoxically, Clock Δ19/Δ19 mice did not display hyperinsulinemia, a hallmark of obesity-associated diabetes, providing the first clue that clock deficiency leads to beta cell failure (Turek et al., 2005) . Subsequent studies showed that multitissue circadian disruption in both Clock Δ19/Δ19 and Bmal1 -/mutant mice displayed reduced glucose tolerance and glucose-stimulated insulin secretion both in vivo and in isolated islets in vitro (Lamia et al., 2008 , Sadacca et al., 2011 Marcheva et al., 2010; Lee et al., 2011) , further implicating clock genes in the regulation of pancreatic insulin production. However, a conundrum in these early studies was that loss-of-function mutations in the clock in liver also result in severe hypoglycemia during fasting (Lamia et al., 2008) , which is likely due in part to mitochondrial dysfunction (Peek et al., 2013) . Indeed, the idea that clock deficiency exerts distinct effects in different tissues emerged from the seemingly paradoxical observation that glucose levels vary according to nutrient state in multitissue mutants; thus, hyperglycemia is found in the postprandial condition whereas hypoglycemia occurs with prolonged fasting (Turek et al., 2005; Rudic et al., 2004) .
The complex effects of multitissue circadian gene ablation on metabolism can mask an underlying functional defect; however, tissue-specific and inducible gene ablation has been used effectively to delineate organ-specific and developmental stage-specific clock gene functions. Tissue-specific mutagenesis has confirmed the concept that clock function within endocrine beta cells plays a role in insulin secretion after feeding, whereas within liver it is critical in mitochondrial oxidative metabolism during fasting. Specifically, the use of tissue-specific gene targeting within pancreas (PdxCre;Bmal1 flx/flx ) and beta cells (RipCre;Bmal1 flx/flx ) showed that Bmal1 deletion resulted in severe glucose intolerance and hypoinsulinemia as well as impaired glucose-stimulated insulin secretion in islets isolated from these animals, confirming the idea that cell-autonomous expression of clock genes within the pancreas is essential for insulin secretion and glucose homeostasis (Marcheva et al., 2010; Sadacca et al., 2011; Lee et al., 2013) . Notably, disruption of genes encoding repressors in the negative limb of the circadian clock in Cry1/2 -/mice results in hyperglycemia and impaired glucose tolerance due in part to altered regulation of glucagon and glucocorticoid signaling in the liver; however, the effects of the mutations on insulin secretion have not been examined Zhang et al., 2010) . Per2 mutant mice display reduced blood glucose levels and increased glucose-stimulated insulin secretion , suggesting complex and distinct roles of individual clock components in regulating glucose homeostasis.
Recent work using beta cell-specific, tamoxifeninducible Cre drivers (PdxCreER;Bmal1 flx/flx or RipCreER;Bmal1 flx/flx mice) to delete pancreatic Bmal1 specifically during adulthood has revealed an essential role for the clock transcription cycle in adult animals since abrogation of circadian transcription factor expression in 8-to 12-week-old mice administered tamoxifen and also in islets isolated ex vivo caused acute beta cell failure, independent of effects during development Rakshit et al., 2016) . Surprisingly, altered insulin levels and glucose disposal were not observed in mice following deletion of Bmal1 in all tissues during adulthood in mice (Yang et al., 2016) . However, it is key to note that just as in the constitutive Bmal1 knockout condition (throughout development), loss of Bmal1 in liver in mice with global adult-life Bmal1 ablation masks the adverse effects of its loss in pancreata, because the co-occurrence in these mice of reduced hepatic glucose production and beta cell failure confounds the analysis of integrated physiologic control of glucose homeostasis. As such, isolated analyses in islets from Bmal1 global mutants reveal hypoinsulinemia in response to glucose and incretin secretagogues. The key point from such observations is that the clock functions "in opposition" in different tissues and one must separate the effects of time of day, nutrient state, and tissue type in order to construct an accurate view of the physiologic role of the circadian system in the intact animal. Thus, genetic analyses of circadian mutant mice set the stage for understanding the molecular mechanisms by which the cell-autonomous pancreatic clock regulates insulin secretion in mammals.
Insight into how disruption of the pancreatic clock might lead to impaired insulin secretion on a cellular level emerged from the initial finding that islets from both the multitissue and pancreas-specific Bmal1 knockouts displayed normal insulin content in parallel with intact glucose-stimulated calcium influx, suggesting that the molecular pancreatic clock must control a late stage of insulin exocytosis. Exposure of PdxCre;Bmal1 flx/flx islets to KCl, an insulin secretagogue that bypasses glucose metabolism by directly depolarizing the plasma membrane, reduced insulin secretion in the Bmal1 null islets, confirming an exocytotic defect in islets lacking an intact clock (Marcheva et al., 2010) . However, studies using islets isolated from RipCre;Bmal1 flx/flx have also found alterations in antioxidant gene expression and mitochondrial ATP production, indicating that multiple levels of clock regulation exist in the beta cell.
Further insight into the molecular defects underpinning the impaired exocytosis in circadian mutant islets arose from studies using signaling molecules generated from intermediates in glucose metabolism and second messenger signaling cascades that act on well-defined steps in insulin secretion, including 3′,5′-cyclic adenosine monophosphate (cAMP), which is synthesized by adenyl cyclase downstream of G scoupled receptor activation following stimulation with circulating nutrient-sensitive incretin hormones such as glucagon-like peptide-1 (GLP-1) and gastric inhibitory peptide (GIP). cAMP enhances insulin secretion in beta cells by activating protein kinase A (PKA) and rap guanine nucleotide exchange factor 3 (RAPGEF3, also known as EPAC1/2) signaling (Seino et al., 2011) . Interestingly, islets from clock-deficient PdxCre;Bmal1 flx/flx and adult-life-induced PdxCreER;Bmal1 flx/flx mice displayed significantly impaired insulin secretion in response to the cAMP mimetic 8-Br-cAMP, the GLP-1 receptor agonist exenatide, and a downstream agonist of cAMP synthesis (forskolin) (Marcheva et al., 2010; Perelis et al., 2015) , revealing that second messenger signaling cascades might be regulated by the circadian clock. Of note, despite these cAMP-related exocytotic defects, PdxCreER;Bmal1 flx/flx islets secrete normal levels of insulin in the presence of both the G q -coupled muscarinic receptor agonist carbachol and the diacyl glycerol (DAG) mimetic phorbol 12-myristate 13-acetate (PMA). G q proteins, following activation of their receptors by acetylcholine, induce the hydrolysis of phospholipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ) by phospholipase C to generate DAG and inositol 1,4,5-trisphosphate (IP 3 ). DAG and IP 3 enhance insulin secretion by activating protein kinase C (PKC) and insulin vesicle priming factors and stimulating Ca 2+ release from the endoplasmic reticulum (ER) to induce activity of calcium-calmodulin kinases and synaptotagmins, respectively (Ruiz de Azua et al., 2011; Rodriguez-Diaz et al., 2011) . Thus, while the pancreatic clock is a critical regulator of glucose-, incretin-, and Ca 2+ -stimulated insulin secretion, muscarinic receptor-induced DAG signaling either bypasses or compensates for deficiencies in clockcontrolled pathways.
GENOmE-wIDE CIRCADIAN TRANSCRIPTION IN ISLETS
In the last 15 years, genome-wide transcription profiling studies using cDNA microarray and RNA sequencing (RNA-seq) technologies have been applied to define the repertoire of circadian-controlled genes in a variety of mouse tissues in vivo, enabling elucidation of the molecular underpinnings of tissue-specific circadian control of physiology (Panda et al., 2002; Storch et al., 2002; Koike et al., 2012 , Menet et al., 2012 Vollmers et al., 2012; Zhang et al., 2014) . These studies have revealed rhythmic oscillations of up to 43% of mRNAs in mice (Zhang et al., 2014) , many of which encode key rate-limiting proteins important in organspecific functions (Panda et al., 2002; Storch et al., 2002; Zhang et al., 2014) . One approach to delineate the role of tissue-autonomous clock gene expression on cell physiology, versus systemically driven oscillations of circulating serum factors or autonomic input (Gerber et al., 2013) , has entailed application of tissue-specific genetic models of circadian disruption. Transgenic models for studies of intertissue circadian regulation of behavior and metabolism have included mice overexpressing the circadian repressor REV-ERBα within liver, which abolishes liver-specific core circadian gene activity (LAP-tTA/TRE-Rev-erbα mice) (Kornmann et al., 2007) , or multitissue Clock Δ19/Δ19 mice with genetic rescue of the wild-type CLOCK protein within the brain (Scg2::tTA;tetO::Clock WT ; Clock Δ19/Δ19 mice), which restores circadian behavior (Hughes et al., 2012) . Microarray analysis of mRNA expression in livers of these animals revealed that while oscillation of most genes depended on a functional cell-autonomous hepatic clock, a small subset of genes, including the core circadian repressor Per2, continued to oscillate robustly in clock-deficient hepatocytes in the presence of a functioning brain clock, suggesting that Per2 cycles in liver are likely generated by systemic signals rather than cell-autonomous clock gene expression within the intact animal. Together, these studies demonstrate that a combination of cell-autonomous and nonautonomous processes drive rhythmic transcription within liver; however, how distinct cell physiologic functions might be rhythmically controlled is less well understood.
Circadian control of physiological processes at a cell-or tissue-autonomous level can also be defined by examining circadian gene transcription and cellular processes in organotypic tissue explants ex vivo Peek et al., 2013) . For example, one of the earliest studies examining circadian rhythms within isolated islet cells demonstrated that rat islets displayed a spontaneous circadian pattern of insulin release when continuously perfused with media containing a low concentration of glucose (Peschke and Peschke, 1998) , suggesting that islet cell-autonomous circadian transcription might regulate beta cell function across the 24-h day-night cycle. Consistently, islets isolated from transgenic Per2 Luc reporter mice, in which firefly luciferase is fused in frame with the endogenous Per2 locus, displayed self-sustained bioluminescent rhythms ex vivo (Marcheva et al., 2010; Sadacca et al., 2011) , as did islets isolated from Per1::LUC transgenic rats (Qian et al., 2013) . More recently, isolated mouse islets synchronized with the cAMP agonist forskolin were found to display a pronounced time-of-daydependent variation in the amount of insulin secreted in response to stimulatory concentrations of both glucose and KCl that corresponded with circadian Per2 Luc expression in isolated islets . These findings are consistent with the observation that both glucose-and KCl-stimulated insulin secretion are impaired in clock-deficient beta cells and indicate that circadian regulation affects the late stages of the insulin secretory pathway. One challenge of ex vivo studies of islet insulin secretion is extrapolation of the analyses to the intact animal. In this respect, in vivo, the acrophase of endogenous Per2 mRNA peaks within the pancreata and liver during the transition from the dark to light period, the time of day when mice are most glucose-tolerant and display the greatest magnitude of glucose-stimulated insulin secretion (Marcheva et al., 2010) . Interestingly, the timing of maximal glucose and KCl responsiveness at the light-dark transition was similar to the time of maximal Per2 Luc bioluminescence in isolated islets, suggesting that the islet cell-autonomous clock anticipates the time of day when insulin demand is highest, thereby priming the beta cell for maximal responsiveness at the start of the active period.
Next-generation sequencing of islet mRNA from wild-type and circadian mutant islets has provided detailed insight into the link between the core circadian transcription cycle and downstream gene regulatory networks that give rise to rhythmic insulin secretion. Wild-type islets displayed self-sustained oscillations in the expression of 27% (3909) of expressed mRNAs that were enriched for gene pathways involved in vesicle biogenesis, transport, and signaling-induced exocytosis . Among these were genes encoding the coat protein complex II (COPII; Sec24a and Sec31a), which is important for vesicle biogenesis; soluble NSF attachment protein receptor (SNARE) components (Vamp1, Vamp5, Vamp8, Stx1a, Stx4a, and Stx8) , which mediate the final stages of exocytosis; and cAMP targets (Pclo, Rims2, and Rab3b) and Ca 2+ -sensing synaptotagmins (Syt11, Syt14, and Syt16), which enhance insulin secretion (Seino et al., 2011) . Whereas previous microarray analyses were performed in islets immediately following isolation, these more recent sequencing studies were performed in islets maintained ex vivo over 2 full circadian cycles, thus revealing a greater repertoire of mRNAs that underlie the diurnal variation in insulin secretion.
The observation that cell-autonomous circadian regulation gives rise to widespread rhythmic oscillation of the transcriptome within various tissues, including the beta cell, raises the question as to how clock transcription factors mediate cell-type-specific physiology Kornmann et al., 2007; Panda et al., 2002; Ueda et al., 2002; Zhang et al., 2014) . Genetic studies originally demonstrated that the core clock transcription mechanism governs both behavior and physiology through the binding of circadian transcriptional heterodimer CLOCK/BMAL1 to E-box elements in their own repressors, whereas more recent genomic studies in liver suggest that core clock factor binding within enhancer regions determines the phase of downstream oscillatory RNAs (Koike et al., 2012; Rey et al., 2011; Menet et al., 2012) . Yet what has remained somewhat mysterious is the mechanism through which the core clock cycle affects differential physiologic functions within distinct tissues. The best-characterized tissue for studies of clock transcription in mammals has been the liver, where rhythmic binding of both CLOCK/BMAL1 and the downstream circadian repressors REV-ERBα and E4BP4 to enhancers has been shown to regulate the transcription of enhancer-derived RNAs (eRNAs) and predicts phase-specific transcription of metabolic genes (Fang et al., 2014) . Cistromic profiling by chromatin immunoprecipitation sequencing (ChIP-seq) in mouse beta cells revealed that CLOCK and BMAL1 predominantly bind to distal enhancers to regulate rhythmic islet gene expression . Surprisingly, the BMAL1 binding sites within enhancers in beta cells were divergent from BMAL1 sites identified in liver, even among those genes found to be rhythmic in both tissues , suggesting that clock proteins cooperate with distinct transcription factors and coactivators to drive rhythmic gene expression in different organs. Indeed, a recent comparative analysis of cycling genes across 12 mouse tissues found that while 43% of all protein-coding genes were rhythmic in at least 1 organ, only 10 genes are commonly rhythmic in all tissues (Zhang et al., 2014) . One possible explanation for the tissue-specificity of circadian transcriptomes is that the availability of binding sites for CLOCK/ BMAL1 and other rhythmic transcription is limited by the developmentally established enhancer repertoire of a given cell type. Consistent with this idea, epigenetically defined active enhancers marked by co-occupancy of H3K4Me2 and H3K27Ac in cycling islet genes exhibited reduced H3K27Ac at corresponding sites in liver , indicating reduced transcriptional activity (Creyghton et al., 2010) , and were enriched for the transcription factor PDX1, a critical regulator of pancreas organogenesis (Stoffers et al., 1997) . Therefore, in vitro studies in isolated islets and beta cells suggest that clock transcription factors bind to tissue-specific enhancers to promote the transcription of genes that sensitize beta cells to maximally secrete insulin at specific time windows throughout the circadian cycle. However, the small subset of sites in which CLOCK/ BMAL1 co-localize in liver and the beta cell are all components of the core clock itself , suggesting that the generation of rhythm occurs through common elements, whereas the output of the central oscillator localizes to unique tissue-type specific loci. Importantly, not all cycling islet genes are direct targets of CLOCK/BMAL1. For example, the components of the circadian negative feedback loop CRY1, CRY2, and PER2 bind to a large number of unique chromatin sites independently of CLOCK/BMAL1 and may regulate downstream oscillating transcription networks (Koike et al., 2012) . Further studies are needed to understand how other cycling transcription factors contribute to the diurnal control of insulin secretion.
ROLE OF PANCREATIC CLOCk IN ORGANISmAL GLUCOSE hOmEOSTASIS IN vIvO
While in vitro studies have enabled the identification of molecular pathways regulating insulin secretion controlled by islet cell-autonomous clocks, as noted above, it has been challenging to tease apart the opposing effects of circadian disruption across distinct peripheral metabolic tissues in multitissue circadian mutants in vivo. For example, the diabetic phenotype in multitissue Clock Δ19/Δ19 and Bmal1 mutant mice is not as pronounced as in islet-specific circadian mutant mice. Despite significantly impaired glucose-stimulated insulin secretion observed in isolated pancreatic islets, early metabolic analyses of young multitissue Clock Δ19/Δ19 mice did not detect hyperglycemia (Turek et al., 2005) . This was later attributed to masking effects of clock disruption in the liver, which compensated for the reduced beta cell insulin secretion by impairing hepatic glucose production and increasing insulin sensitivity (Lamia et al., 2008; Zhang et al., 2010) . Of note, when clock mutations were isolated to the liver, mice displayed hypoglycemia at times when the animals were inactive and fasting (Lamia et al., 2008; Peek et al., 2013) , in contrast to the hyperglycemia and impaired insulin exocytosis observed predominantly in the feeding period in pancreas-specific clock mutants (Marcheva et al., 2010) . Thus, the composite effects of clock function in different tissues in vivo give rise to the overall "net" glucose phenotype. Importantly, electrolytic ablation of the SCN pacemaker cells in mice also impaired hepatic insulin sensitivity and glucose production (Coomans et al., 2013) , indicating that the brain clock also regulates hepatic glucose metabolism. Ultimately, pancreatic, hepatic, and pacemaker clocks therefore appear to cooperate to maintain whole body glucose homeostasis throughout the day by promoting insulin-stimulated glucose clearance during the feeding periods while sustaining glucose levels by enhancing mitochondrial oxidative metabolism and glucose production in liver during periods of fasting (Fig. 1) .
In addition to the cell-autonomous effects of the circadian clock within distinct metabolic tissues on glucose homeostasis, islet clocks in vivo are exposed to a variety of systemic signals that in turn contribute to blood glucose homeostasis in the intact animal. For example, the beta cell clock is influenced by time-ofday-dependent variations in levels of the circulating GLP-1 hormone. GLP-1 is secreted in response to nutrient ingestion by enteroendocrine L-cells in the intestine and potentiates glucose-stimulated insulin secretion in beta cells (Mojsov et al., 1987) . Recent studies have demonstrated that GLP-1 secretion stimulated by administering an oral glucose load exhibits circadian rhythmicity in rats and that rhythmic expression of mRNAs encoding the circadian PAR-bZIP transcription factor thyrotroph embryonic factor (TEF) and extracellular signal-regulated kinase modulator pleiotropic regulatory locus-1 (PRL-1) contributes to circadian GLP-1 secretion in L-cells (Gil-Lozano et al., 2014) . Interestingly, maximal glucose-stimulated GLP-1 secretion and GLP-1-induced insulin secretion in rats occurred at ZT22, close to the transition from the dark-to-light period when beta cells are most sensitive to glucose in mice (Gil-Lozano et al., 2014; Marcheva et al., 2010) . Rhythmic circulating GLP-1 levels are therefore an additional layer of systemic circadian control that acts synergistically with the pancreatic clock to regulate blood insulin and glucose levels throughout the day (Fig. 2) .
Clocks throughout the body are also entrained and modulated by extracellular signals such as temperature fluctuations Saini et al., 2012; Morf et al., 2012) , serum factors (Balsalobre et al., 1998; Balsalobre et al., 2000b; Gerber et al., 2013) , hormones (Le Minh et al., 2001; Chaves et al., 2014) , and feeding (Damiola et al., 2000; Kohsaka et al., 2007; Hatori et al., 2012) , and exposure to environmental conditions associated with disrupted circadian rhythms has also been shown to affect the pancreatic clock. For example, chronic exposure of mice to constant light (LL) for 10 weeks, which causes a total loss of SCN-driven behavioral rhythms, dampened the amplitude and altered the phase and synchrony of circadian Per1-LUC bioluminescence in isolated islets (Qian et al., 2013) . Islets isolated from these LL-exposed rats displayed impaired insulin secretion in response to glucose, but not GLP-1 or tolbutamide, a secretagogue that acts by chemically closing K + ATP channels (Qian et al., 2013) , suggesting shared regulation of some, but not all, pathways by the islet cellautonomous clock and systemic circadian signals perturbed in LL. Similarly, a study testing the impact of simulated shift work on beta cell function found that a circadian disruption (CD) paradigm where mice were exposed to serial 6-h advances in the lightdark cycle every 4 days for 8 weeks inhibited glucosestimulated insulin secretion and insulin-stimulated 
Blood glucose levels are coordinately regulated across the 24-h light-dark cycle by molecular clocks expressed throughout the body. The cell-autonomous clock within insulin-producing pancreatic beta cells anticipates the start of the active or feeding period by increasing glucose-stimulated insulin secretion, which in turn stimulates the clearance of glucose from the blood. Both insulin secretion and peripheral insulin action decline as the day progresses, while the liver clock increases glucose synthesis to sustain blood glucose levels in anticipation of sleep. Brain-derived melatonin increases in the evening in humans and may sensitize beta cells to secrete insulin in response to glucose in the morning. molecular clocks distributed within beta cells, brain, and peripheral insulin sensitive tissues coordinate blood glucose levels across the day-night cycle.
glucose clearance (Lee et al., 2013) . Beta cell-specific Bmal1 knockout mice displayed more severely impaired insulin secretion when subjected to this CD protocol (Lee et al., 2013) , suggesting that proper expression of clock genes in the beta cell might help to prevent hyperglycemia even in the setting of systemic circadian disruption in shift work.
CIRCADIAN CONTROL OF PANCREATIC ISLET FUNCTION IN hUmANS
Both epidemiologic and population genetics studies have shown strong associations between alterations in circadian clock function in shift workers and heritable genetic variants (single nucleotide polymorphisms) with the risk of hyperglycemia and diabetes in humans (Knutsson, 2003; Dupuis et al., 2010) . The effect of recurrent disruptions of the day-night cycle that occur in shift work can be simulated in the laboratory by exposing humans to 28-h days, where the usual 12-h:12-h light-dark cycle is extended to 14-h:14-h, resulting in days that are 4 h longer than usual. In this paradigm, humans experience a complete 12-h inversion of the external light-dark cycle after 3 successive 28-h days, and circadian clock-controlled biomarkers such as blood cortisol levels display a pattern that is antiphasic to its usual relationship with the light-dark cycle (Scheer et al., 2009) . While misaligned, humans displayed significantly increased glucose and insulin levels after ingesting food at regularly scheduled mealtimes, which for some subjects reached levels seen in prediabetes (Scheer et al., 2009; Morris et al., 2015) , indicating that circadian misalignment caused reductions in both insulin sensitivity (increasing the demand for insulin secretion) and beta cell compensation for elevated glucose levels (insufficient insulin to lower blood glucose).
An additional link between circadian function and human glucose metabolism has come from genomewide association studies (GWAS) testing for heritable genetic variation associated with fasting glucose levels and diabetes incidence in human populations, which have identified associations between polymorphisms in close proximity to genes involved in circadian rhythm regulation to human beta cell function. Specifically, single nucleotide variants mapping to the circadian clock repressor CRY2 (Dupuis et al., 2010) and a receptor for the circadian hormone melatonin MTNR1B (Bouatia-Naji et al., 2009; Dupuis et al., 2010) are associated with elevated fasting glucose levels in multiple human populations. Genetic variants in BMAL1 and CRY2 have also been linked with development of type 2 diabetes (Woon et al., 2007; Hu et al., 2010) . In addition, allelic variants of CRY2 have been associated with a decrease in 2 different oral glucose tolerance test-based disposition indices in middle-aged Danish people due to decreased insulin sensitivity (Boesgaard et al., 2010) . While CRY2 and MTNR1B are expressed in human pancreatic islets, they are also broadly expressed in other tissues involved in glycemic control (Dupuis et al., 2010) . However, humans carrying the MTNR1B variant associated with diabetes and hyperglycemia have been found to display reduced insulin secretion independently of their level of glycemic control (Fadista et al., 2014; Staiger et al., 2008) , suggestive of a role of MTNR1B in pancreatic beta cell function. Genomic analyses further substantiated a role of the MTNR1B variant in human islet cells, where MTNR1B mRNA expression was increased due to enhanced binding of key beta cell transcription factors FOXA2 and NEUROD1 to a transcriptional enhancer of the MTNR1B gene (Gaulton et al., 2015) . Importantly, melatonin, the endogenous ligand for the MTNR1B receptor, is synthesized and released into circulation at night by endocrine cells in the pineal gland in response to rhythmic signals originating in the SCN (Mulder et al., 2009) . Melatonin acutely inhibits glucose-, KCl-, and cAMP-stimulated insulin secretion in rodent islets and beta cells when administered in conjunction with stimulating concentrations of glucose and the cAMP agonist forskolin (Peschke et al., 2002) , most likely by coupling to inhibitory G i proteins that limit the synthesis of the insulinotropic molecules cAMP and cGMP (von Gall et al., 2002) . The inhibition of insulin secretion by melatonin is consistent with the decline in human insulin secretory capacity in the evening (Morris et al., 2015) and with impaired beta cell function in humans with increased sensitivity to melatonin signaling. However, the kinetics of melatonin are complex, and prolonged treatment of rodent beta cells with melatonin for 12 h, mimicking the endogenous exposure in vivo, also sensitizes cells to forskolin-and GLP-1stimulated insulin secretion (Kemp et al., 2002) , enhances transcription of cAMP response element binding protein (CREB) target genes (Nishiyama and Hirai, 2014) , and protects islets from stress-induced damage (Costes et al., 2015) . Moreover, rare coding variants that inhibit MTNR1B function have been found to associate with type 2 diabetes risk in human populations (Bonnefond et al., 2012) , and reduced rates of nighttime melatonin secretion are associated with human diabetes (McMullan et al., 2013) , suggesting that while melatonin appears to acutely suppress insulin secretion, it may also exert long-lasting effects that promote secretory function and beta cell survival. In the future, it will be important to understand how circadian transcription factors are influenced by diabetes-associated genomic variants since they are enriched in enhancer elements that regulate gene transcription in islets (Gaulton et al., 2010; Pasquali et al., 2014) and may sensitize individuals to the adverse effects of circadian disruption.
While genetic studies provide clues concerning the link between human diabetes and the circadian system, studies in human islets further support the idea that the clock plays an important role in metabolic function. For example, analyses of RNA expression from human cadaveric islets reveal self-sustained oscillations in the transcription of core circadian genes and mRNAs encoding key factors involved in beta cell health (Saini et al., 2016; Perelis et al., 2015) , indicating that the rhythmic regulation of transcription is conserved from rodents to humans. Live-cell imaging studies of dispersed human islets expressing a Bmal1 promoter fragment driving luciferase (Bmal1-Luc) have further revealed that both beta and nonbeta cells displayed cell-autonomous Bmal1-Luc rhythms, indicating the presence of a functional clock in multiple islet cell types in humans (Pulimeno et al., 2013) . Similar to findings in rodent islets, human islets displayed circadian patterns in basal insulin secretion when continuously perifused, and inhibition of the circadian clock by siRNA-mediated silencing of the CLOCK gene abolished these secretory rhythms and reduced insulin secretion (Saini et al., 2016) . Further, RNA-seq analyses in synchronized human islets, or in human islet cultures with CLOCK inhibition, demonstrate that the clock controls networks of genes that regulate stimulusinduced exocytosis, including effectors of muscarinic G q coupled receptor signaling, cAMP signaling, insulin vesicle fusion, and glucose sensing Saini et al., 2016) , similar to findings in rodent islets. Interestingly, gene expression studies comparing the transcriptomes of human islets isolated from normoglycemic compared with type 2 diabetic donors have found significant reductions in the expression of several basic helix-loop-helix Per-Arnt-Sim (bHLH-PAS) transcription factors, including the core clock component BMAL1 (Gunton et al., 2005) , as well as CRY2, PER2, and PER3 (Stamenkovic et al., 2012) , in the diabetic state. In addition, CRY2 and PER3 expression levels were highly correlated with donor glycated hemoglobin levels, providing an added link between the regulation of circadian gene transcription and glucose control in humans (Stamenkovic et al., 2012) .
CONCLUSIONS AND FUTURE DIRECTIONS
Collectively, in vivo and in vitro studies in both rodents and humans reveal that multiple circadian control mechanisms modulate the secretion of insulin across the day-night cycle. Cell-autonomous expression of CLOCK/BMAL1 in beta cells drives genomewide cycles in the transcription of mRNAs regulating the formation, trafficking, and exocytosis of insulincontaining vesicles that prime cells to maximally secrete insulin at specific windows of time. Additional layers of regulation establish the rhythmicity of glucose homeostasis in the intact animal, including variation in hepatic transcription cycles and in the gastrointestinal tract where incretin hormones are produced (such as GLP-1), as well as the brain-driven melatonin, neuroendocrine, and behavioral cycles. While still incompletely known, white adipose, brown adipose, and skeletal muscle clocks also contribute to energy balance and in turn likely affect glucose homeostasis (Paschos et al., 2012; Gerhart-Hines et al., 2013; Schroder et al., 2015; Hodge et al., 2015) . Thus, the cell-autonomous circadian pattern of insulin secretion is one piece of a complex puzzle that emerges in uncovering mechanisms underlying the temporal dynamics of glucose homeostasis throughout the day. Disruption of external circadian entrainment by light cycle manipulation or simulated shift work has been shown to inhibit clock function and insulin secretion in the beta cell (Lee et al., 2013; Qian et al., 2013) and as such may account in part for subtypes of diabetes in these individuals. Additional mechanisms of circadian disruption in shift workers may involve alterations in autonomic nervous system signals or feeding-derived factors that affect islet function. However, the relative contribution of the brain versus peripheral clocks, as well as the repertoire of secreted factors that confer timing cues to the beta cell, remains largely unknown and constitutes an area of active investigation. For example, Per2 transcriptional oscillations in isolated islets can be entrained by mimetics of circulating and physiologic conditions, including the cAMP agonist forskolin (which mimics downstream GLP-1 signaling), the glucocorticoid agonist dexamethasone, and simulated body temperature cycles (Marcheva et al., 2010; Perelis et al., 2015; Pulimeno et al., 2013; Saini et al., 2016) , and therefore alterations in the circadian pattern of circulating GLP-1, glucocorticoid hormones, and body temperature rhythms (Balsalobre et al., 2000a; Balsalobre et al., 2000b; Schibler et al., 2015) may represent mechanisms that contribute to the dysregulation of the islet clock during shift work. Further, the observation that mimetics of cholinergic signaling bypass the insulin secretory defects in Bmal1 -/islets presents the intriguing possibility that under some circumstances, the autonomic nervous system may override impairment of the cell-autonomous clock to promote insulin secretion. Indeed, studies have long noted the existence of a preabsorptive "cephalic phase" of insulin secretion that is highly conserved across animal species and regulated by brain-derived signals transmitted by cholinergic vagal innervation (Power and Schulkin, 2008; Powley and Berthoud, 1985) . In addition to providing insight into new potential mechanisms for circadian regulation of the beta cell, the observation that acetylcholine receptor activity and downstream DAG signaling restores insulin secretion suggests that this pathway may be a therapeutic target to enhance insulin secretion in diabetic humans with a circadian component to their disease.
Conversely, extensive evidence shows that circadian clocks are sensitive to nutrient excess and are dysregulated in obesity and diabetes. For example, genetic rodent models for obesity and metabolic dysregulation, such as the leptin-deficient ob/ob mice (Lep ob/ob ), the leptin receptor-deficient db/db mice (Lepr db/db ), and the Zucker obese rats, all exhibit disruptions in circadian behavior, including feeding rhythms, diurnal locomotor activity rhythms, and sleep (Laposky et al., 2006; Laposky et al., 2008; Megirian et al., 1998; Mistlberger et al., 1998) . Interestingly, changes in peripheral clock gene expression in Lep ob/ob mice precede metabolic abnormalities (Ando et al., 2011) , suggesting that altered clock function may contribute to metabolic decline. Furthermore, diabetic Lepr db/db mice overexpressing Cry1 in the liver exhibit lower blood glucose levels and improved insulin sensitivity, suggesting that compounds that enhance circadian gene expression may provide therapeutic benefit to individuals with type 2 diabetes . Similarly, a recent study found mitigating effects of the small molecule Nobiletin on metabolic disorders in Lepr db/db mice by enhancing the amplitude of circadian rhythms (He et al., 2016) . Studies using high-fat diet feeding, which causes obesity and diabetes as well as dysregulation of behavioral, molecular, and metabolic circadian rhythms in mice (Kohsaka et al., 2007; Eckel-Mahan et al., 2013) , have shown that restoring the feeding rhythm by restricting feeding time to the "correct" time of day protects mice from developing pathologies associated with diabetes (Arble et al., 2009; Hatori et al., 2012) . Moreover, clock expression specifically in the beta cell may exert a protective role during high-fat feeding, since beta cell-specific RipCreER;Bmal1 flx/flx mice display decreased compensatory beta cell proliferation and increased glucose levels (Rakshit et al., 2016) . It has become clear that the circadian clock is sensitive to metabolic and hormonal changes that occur as consequences of nutrient excess, and future studies are needed to determine whether clock-controlled signaling in the beta cell might be a therapeutic target to improve glucose control in diabetes.
Recent advances in genome-wide transcriptional and cis-regulatory mapping of circadian regulation not only have identified the repertoire of clock-controlled genes within each tissue but also have revealed tissue-specific differences in clock control of enhancer landscapes in distinct tissues. However, many outstanding questions remain regarding the mechanisms and consequences of circadian transcription factor (TF) regulation in beta cells. First, the observation that CLOCK/BMAL1 regulate circadian islet genes by binding to enhancers co-occupied by developmental TFs such as PDX1 suggests that there may be reciprocal regulation of cycling genes by other pancreatic TFs in the beta cell. For example, physiological inhibition of PDX1 or other TFs that occurs following high-fat feeding (Reimer and Ahren, 2002) in wildtype mice may impair beta cell function by inhibiting CLOCK/BMAL1 activity. Second, since circadian gene transcription cycles are enabled by the activity of not only the core circadian activators and repressors but also downstream CLOCK/BMAL1controlled circadian PAR-bZIP TFs (DBP, HLF, TEF, and E4BP4) and nuclear receptors (RORα/β/γ and REV-ERBα/β), it is therefore possible that alterations in the expression or genomic localization of these TFs may direct and modulate circadian gene transcription in the beta cell. For example, Nrf2 is a downstream target of CLOCK/BMAL1 and encodes a TF that regulates the circadian pattern of antioxidant gene expression in beta cells (Lee et al., 2013) . Third, information gained by genomic mapping can be used to interrogate how circadian dysregulation and heritable genetic sequence variants associated with human diabetes contribute to disease risk. The discovery of variants mapping to CRY2 and MTNR1B raises the possibility that there may be subpopulations of individuals with increased metabolic vulnerability to circadian disruption. In the future it will be important to identify the genome-wide sites of circadian TF binding in human islets to determine whether the clock regulates enhancers containing diseaseassociated variants and whether the sequence variants affect circadian TF binding and rhythmic gene transcription.
Collectively, genetic analyses and physiologic studies indicate that the cell-autonomous circadian clock within pancreatic beta cells is a key regulator of mammalian glucose homeostasis and that its dysregulation is strongly associated with human diabetes. Recent drug screening studies have identified smallmolecule drugs that enhance circadian clock function and protect mice from metabolic syndrome (He et al., 2016; Bass, 2016) , raising the possibility that the circadian system may ultimately represent a therapeutic target to enhance beta cell metabolic maturation and function.
